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Abstract
Slepton pair-production in a next generation Linear Collider, yielding a fast charged lepton
trigger, a visible heavily ionizing track and/or a resolved soft pion impact parameter and
overall ET= , is shown to provide a smoking gun signature for AMSB models with a neutral




Though the quest for supersymmetry (SUSY) has been a major preoccupation of collider experi-
menters and phenomenologists alike, most of the searches and simulation studies so far have been based
on the assumption of the stable neutral lightest supersymmetric particle (LSP) being predominantly a
Bino. The latter is the superpartner of the U(1)Y gauge boson. Various produced superparticles are
expected to decay into it accompanied by other energetic particles of the Standard Model (SM). The
LSP escapes detection carrying o missing transverse energy or ET= which becomes the classic signature.
There have, however, been a few papers [1 { 6] of late which have considered detection possibilities for
scenarios in which a largely Wino LSP occurs. These investigations have received a major motivational
llip recently because of the realization now that such an occurrence is quite natural in a whole new
class of SUSY models, viz. those with Anomaly Mediated Supersymmetry Breaking (AMSB) [2]. Fur-
thermore, in these models the lighter chargino (also perdominantly a Wino) is nearly mass-degenerate
with the LSP. A signal is proposed here for such a scenario in a future Linear Collider. We consider the
pair production of left sleptons in e+e− interactions, followed by their decays e‘! ‘ + e01; e‘!  + e1 ;e1 will further decay into e01 + . Finally, there will be a fast ‘, a displaced vertex which can be
inferred from the impact parameter of a visible soft  and/or a heavily ionizing track and large ET= .
The chargino and the neutralino masses, in any version of the Minimal Supersymmetric Standard
Model (MSSM) [7], are controlled by the following SUSY parameters at the weak scale: the Bino mass
M1, the Wino mass M2, the Higgsino mass parameter  and the ratio tan  of the two Higgs VEVs.
The situation, with the LSP (e01) being largly the neutral Wino, attains when one has
jM2j < jM1j  jj: (1)
For instance, in AMSB models, after taking into account NLO corrections to the gaugino mass param-
eters, one nds [4] that M1 : M2 ’ 2:8 : 1. The next-to-lightest superparticle in this case is the lighter
chargino (e1 ) which is exclusively the Wino. Then the masses of e01 and e1 are verly close and the
























































The second term in the RHS of Eq. 2 is the one-loop contribution which is dominated by gauge boson
loops.
The mass-splitting M of Eq. 2 has been investigated numerically [3, 4] in various region of the
parameter space consistent with Eq. 1. The general conclusion is
165 MeV < M < 1 GeV (3)
with lim!1 M being 165 MeV. On the other hand, if a radiative EW symmetry breakdown is sought
to be implemented in the AMSB scenario, the ratio j=M2j has to be [4] approximately between 3 and
1
6. Given the LEP lower limit [8] of 56 GeV on the mass of the lighter chargino for nearly degeneratee1 ; e01 (in the anomaly-mediated Wino LSP scenario), it then follows that the upper limit on M
cannot be much in excess of 800 MeV. In that case we can take
165 MeV < M < 800 MeV: (4)
Eq. 4 means that the decay e1 −! e01 +  is kinematically allowed. The corresponding branching
ratio is found to vary in the range 93% − 96%, the balance being largely due to the decay modes
~1 ! ~01 + e + e, ~01 +  + . The resulting soft pion with a sub-GeV energy may be detectable, in
which case its impact parameter may allow one to infer a displaced vertex. On the other hand, the e1
may have a long enough decay length to show a heavily ionizing track which stops in some of the layers
in the vertex detector. The experimental issues concerning methods of observing this decay have been
discussed in the third paper of Ref. [1] and in Refs. 2 { 4. If the decay length1 c of e1 is greater
than 3 cm., it could be observable,2 though the  may be too soft to be detected. Contrariwise, if
c < 3 cm, the track may not be observable but the soft charged pion is likely to be visible with its
impact parameter b resolved. Thus the event, proposed by us, can be triggered by the fast charged
lepton emanating from the decay of one of the sleptons while it can be identied uniquely in terms of
the displaced vertex determined by the heavily ionizing charged track and/or the impact parameter b
of the soft pion coming from the two-step decay of the other slepton.
Let us summarize the essential features of Anomaly Mediated Supersymmetry Breaking [2, 10].
This scenario is greatly motivated by String Theory which is in higher dimensions and valid at a very
high energy scale. It is quite natural from that point of view to construct a low-energy description
in 4-dimensions which inherits many of the features of the higher dimensional theory. AMSB occurs
when, in such a higher dimension, one has two separated 3-branes (3+1 dimensional subspaces) in a
way that SM particles are contained in one of these and the SUSY breaking sector is in the other one.
There are no tree-level couplings between these two branes and thus the SUSY breaking sector is truely
hidden. Gravity propagates in the bulk and breakdown of SUSY is communicated to the visible sector
at one-loop through the Super-Weyl anomaly. Since, there are no tree-level couplings between the two
3-branes, this is the dominant contribution to the soft SUSY breaking masses of various sparticles.
In the more commonly used gravity mediated Supersymmetry Breaking scenario [11], supergravity
interactions directly communicate SUSY breaking between the hidden and observable sectors at the
tree level so that the loop-induced contributions from the super-Weyl anomaly, though present, are
subdominant.
In the anomaly mediated case, gaugino masses are proportional to the coecients of the one-loop
beta functions of the corresponding gauge couplings (generically denoted as g), while scalar masses are
determined in terms of anomalous dimensions and beta functions of both gauge and Yukawa couplings
1Here c = chp~χ±(M~χ±Γ~χ± )
−1 with p~χ± , M~χ± and Γ~χ± respectively being the momentum, mass and width (all in
GeV) of the chargino.
2A CCD or APS vertex detector of radius 2.5 cm and a beam pipe of radius 2 cm, have been proposed [9] for TESLA.
The chargino track should be identiable if it covers several layers and also ends in the vertex detector.
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where gaugino masses are denoted by M, scalar masses are given the generic symbol m ~f , m3=2 is the
mass of the gravitino which here is quite heavy ( tens of TeV) and Ay are the trilinear soft parameters.
The renormalization group beta and gamma functions are dened as usual :
γ(g; y)  dln Z
dt
; g(g; y)  dg
dt
; and y(g; y)  dy
dt
; (8)
t being the logarithmic scale variable.
The most striking feature of this AMSB scenario is the invariance of the expressions for soft SUSY
breaking mass parameters Eqs. (5 { 7) under renormalization group evolution. Thus, these parameters
can be evaluated at any scale with the appropriate values of the gauge couplings at that particular
scale. However, the mass squares of the sleptons, calculated in this way, turn out to be negative. These
tachyonic sleptons constitute a major problem of this scenario. The most simple and economical way
by which these slepton mass-squares can be made positive is to add [2] a common m20 to all scalars
and this what we consider. The addition of m20 destroys the RG invariance of Eq. 6. Then, in order to
get the correct values of the mass-squares of the scalars at the EW scale, one must take into account
the RG evolution of these soft masses from a very high scale. In our calculations we have taken this
to be the unication scale ( 1:5 to 2:0 1016 GeV) where all the three gauge couplings meet and the
evolution of these couplings reproduces the measured values at the EW scale with s ’ 0:118. The
evolution of gauge and Yukawa couplings has been determined by two-loop RG equations. The detailed
expressions for scalar gaugino masses as well as the trilinear A-parameters are given in Refs. 4 and
5. The Higgsino mass parameter  has been computed using one-loop correction terms of the eective
potential at the scale Q in such a way that it reproduces the correct pattern of EW symmetry breaking
with Q chosen to be the geometric mean of the t-squark masses pm~t1m~t2 . We have also accounted
for the constraints coming from charge and color conservation as well as from the experimental lower
limits on various sparticle masses and also from the requirement of the stau not being the LSP [12].
Thus, the MSSM spectrum has been determined completely [4, 5] in terms of m3=2, m0, tan  (the
ratio of the two Higgs VEVs) and the sign of . Fig.1 is a sample plot where we show the variation
of the masses of left and right selectrons (smuons)3 with m3=2 for a xed value of m0 which has been
3Since Yukawa couplings of the rst two generations have been neglected, selectron and smuon masses are on the same
footing
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taken to be4 200 GeV. In the same plot we also show the masses of the LSP and the lighter chargino
which appear nearly degenerate. Their mass-dierence M of Eq.2 is plotted against m3=2 in Fig.
2 for the same choice of input parameters. The sign of  for this particular gure is taken to be
negative and tan  has been chosen to be 3. The basic features of this sample plot are not qualitatively
changed by chosing  to be positive and varying tan . The left and right selectron masses are also
almost degenerate in this scenario. The tiny mass-dierence between them comes mainly from one-
loop corrections at the electroweak scale since the anomaly-induced as well as D-term contributions
are negligible in comparison. This, again, is a distinguishing feature of the AMSB scenario which is
based on the assumption of a universal contribution to the mass-squared for scalars added to make the
sleptons non-tachyonic. The other important aspect of the superparticle spectrum in such an AMSB
scenario is that the squarks are signicantly heavier (typically by at least a factor of four) than the
sleptons, the squark masses being pushed up by the QCD coupling. This means that sleptons should
be easier to discover in such models. This is why we have chosen to study slepton pair-production in
a linear collider. Of course, one could also directly study the pair-production of charginos ~1 , each
decaying into ~01 and a soft pion. However, one would then need to have additional [1] hard initial-
state-radiated (ISR) photon to act as a trigger. The event rate there would be signicantly less than
that of slepton pair-production on account of the former process being radiative.
We have calculated the left-slepton pair production cross section at an e+e− CM energy of 1 TeV
for two values of tan , namely, 3 and 30, for  < 0. We have then folded into it the branching
fractions for the decays mentioned in the rst paragraph. The selection cuts that have been used
on the decay products are as follows : (1) the transverse momentum of the lepton p`T > 5 GeV,
(2) the pseudorapidities of the lepton and the pion jj < 2:5, (3) the electron-pion isolation variable
R =
q
()2 + ()2 > 0:4, (4) the missing transverse energy ET= > 20 GeV and (5) pT > 200
MeV for detectability. Contour plots in the m0−m3=2 plane for various values of cross-sections (in fb)
are shown in Fig. 3. Our signal should thus generate O(104) events for an integrated luminosity of
500 (fb)−1. These calculations have been done with projected TESLA parameters in mind [13]. For
a scaled down linear accelerator, e.g. with a CM energy of 500 GeV and an integrated luminosity of
50 (fb)−1, we would expect O(103) events.
We have also plotted the decay length c distribution of the chargino track as well as the soft pion
impact parameter b distribution in Figs. 4 and 5 respectively. These plots have been made with the
same selection cuts and input parameters, as used in Fig. 3, in addition, we have chosen characteristic
sample values of m0 = 230 GeV and m3=2 = 43 TeV corresponding to M = 187:2 MeV. We observe
a plateau in the c distribution in the range 8 to 9.8 cm which can cover several layers in the vertex
detector. Thus there is a reasonable chance of a direct observation of the chargino track. The b-
distribution extends till about 9:8 cm and peaks at around b = 8 cm. The pT distribution is also given
in Fig. 6. It is clear from this distribution that the minimum pT cut of 200 MeV still leaves a substantial
part of the allowed phase space for study. For such values of pT , the 3 impact parameter resolutions
4The choice of m0 has been motivated by the desire to keep the selectrons light enough to be copiously producable in
a linear Collider of CM energy 1 TeV.
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are typically5 O(10−1) cm. Hence the prospects of resolving the displaced vertex by measuring the soft
pion impact parameter here are very high. Let us comment nally that, if selectrons are replaced by
smuons (with a fast muon used as a trigger), event rates are reduced typically by a factor of ve on
account of s-channel suppression.
In conclusion, we claim to have pinpointed a fast lepton trigger and a displaced vertex in the nal
state conguration as a distinct and unique linear collider signal of supersymmetry in AMSB models.
This work came out of a study-project on Anomaly-Mediated Supersymmetry Breaking at the Work-
shop on High Energy Physics Phenomenology WHEPP-6 (Chennai, January, 2000). We thank the
organizers as well as the other members of the project namely D. Choudhury, S. King, A. Kundu,
B. Mukhopadhyaya, S. Raychaudhuri and K. Sridhar for many fruitful discussions. We also thank
U. Chattopadhyay for the use of his codes and M. Maity and N. K. Mondal for discussions of experi-
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5Third paper in Ref.[1].
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Figure 1: Sample plot of the nearly degenerate LSP and the lighter chargino masses(lower bold curve)
and also the nearly degenerate left/right selectron masses (upper bold curve) as functions of m3=2.














Figure 2: Mass-dierence (M) between the lighter chargino and the LSP as a function of m3=2 for
the same set of input parameters as in Fig. 1
.
8



























Figure 3: Constant cross section (in fb) contour plots in the m0 −m3=2 plane for (a)  < 0, tan  = 3















Figure 4: Chargino decay length distribution for the following set of input parameters: m3=2 = 43 TeV,


































Figure 6: Pion transverse momentum distribution for the same set of input parameters as in Fig.4.
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